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2.1 (Phytoremediation)
211 (Definition of Phytoremediation)
(phytoremediation) “Phyto”
‘o “Remedium” “
» (Cunningham et al., 1996)
(International - Environmental - Technology ~Centre, 2000)
( )

(Sustainable ~ Strategies, ~ 1997)
phytoremediation botano-remediation,  green  remediation.  phytotechnology  or
phytoremediation technologies (McCutcheon and Schnoor, 2003)

2.12 (Types of Phytoremediation)

2 phytodecontamination  phytostabilization
(Cunningham et al., 1996)



2.1.2.1 Phytodecontamination

phytodecontamination phytoremediation

(Cunningham et al., 1996)
2.1

Pllytovolatili-atiOn

Phytoextraction K‘_‘

Contaminant——» \ _ Contaminant

/
Rh{zo(sH ere)deg}adation
21 Phytodecontamination ( Cunningham et al., 1996)
I\ Phytoextraction

(Ensley, 2000)

(Cunningham et al,
1996)



2) Phytovolatilization
Schnoor, 2003)

(Cunningham et ah, 1996)
3) Phytodegradation

(Cunningham et ah, 1996) |
(Macek, Mackova, and Kas, 2000)
4)  Rhizodegradation
(Cunningham et an, 1996)

2.1.2.2 Phytostabilization

phytostahilization

(Schnoor, 2000)

(Cunningham et ah, 1996) 2.2

(McCutcheon  and



Contarminant

! / 3 (‘/ \ 3 umification
A _// e < o !
Soil sequestration / LlI'gm ﬁrat::\n\\ T
Contaminant
2.2 Phytostabilization ( Cunningham et al., 1996)

1) Humification
bioavailability

2) Lignification

3) Irreversible binding (aging) '

(Cunningham et al.. 1996)

213
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phytoextraction, phytovolatilization  phytodegradation

L F N /cu T 7 éd'«\

Tt A A 8

L» —\\ Cu'—ﬂ Lu \[ Leu C“ N

2.3 ( ) (Uptake of
Metals (Copper) by Phytoextraction) ( International Environmental Technology
Centre, 2000)

2132

rhizodegradation



2133

phytostahilization
/

2.2 Phytoextraction
2.2.1 Phytoextraction

phytoextraction

(Ensley, 2000)

2.2.2

2221

222.2

(inorganic salt)
(organic compound)

| 2504)

10



2223

n ZnCh

2224

1) (soil texture)

2) (drainage status)

3) ml (sorptive capacity)
2225
2.2.2.6

) (temperature)

Cd.Zn.Mn  Fe

2) (day length)



223

Hyperaccumulator
100-1,000

(Reeves, and Baker, 2000)
)

(hypertolerance)

12

(intensity)

(soil moisture)

0Smosis
(air humidity)
hyperaccumulator
10-500
hyperaccumulator
vacuolar  compartmentalization
vacuole
Thlctspi  cdemiescens
vacuole  chelation

phytochelating



2 3
hyperaccumulator (Cunningham, 1995 cited in Brennan and Shelley, 1999)
2.24
phytoextraction
(species)
(
, 2546)
4
1) Exclusion
2) Amelioration
3) Avoidance
4) Evasion
(Medina et ah. 2003)
phytoextraction exclusion
phytoextraction
evasion
phytoextraction
amelioration ~ avoidance
Wang (2004)
hyperaccumulator Bretssica  juncea
amelioration Brassicajuncea
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(free radical) (Gupta et al, 1999; Cuyers,
Vangronsvcld, and Clijsters, 2000) (De Vs,
1991) (antioxidant enzymes)  Brassicajuncea

superoxide dismutase (SOD)
superoxide anion
hydrogen peroxide (H,0,)
SOD
20; +2Ht < »  02+HD?2

H:02
H2) 2 ascorbate peroxidase (APX),
catalase (CAT) peroxidase (POD) ascorbate peroxidase HD21

2 ascorhate + HO-, 4o — 2 monodchydroascorbate +2H:0

dehydroascorbate (DHA) oxidized glutathione
1 dehydroascorbate reductase % oxidized glutathione glutathione reductase (GR)
reduced glutathione antioxidants
ascorbate-glutathione cycle (Harinasut et ah,
2003) 2.4
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2.4 Ascorbate-glutathione cycle (Foyer, and Mullineaux, 1994)
ascorbate-glutathione  cycle
H,02 catalase (CAT)  peroxidase (POD)
H:02 catalase HA) 2

(3-oxidation  peroxisomes, glycolate cycle (photorespiration) — purine catabolism

RH2+ HA) 2 > R+2H0
2H:02 *  2HD +o,
CAT-Fc-OH + H:0, { CAT-Fc-O0H + H:0

*

CAT-Fc-O0H + RH: CAT-Fe-OH AH,0- 02

(Peroxidatic Rx)
CAT-Fe-O0H +H,02 ¢ CAT-Fc-OH + FhO + 0,
(Catalatic Rx)

peroxidase (POD) H,02 donor
pyrogallol, ascorbate  guaiacol
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donor+ HD 2 --e-emememev ) oxidized donor + HD
(guaiacol) (tetraguaiacol)
ascorbate-glutathione cycle, catalase ~ peroxidase
HZ) 2 (Foyer, and Mullineaux, 1994) Brassica juncea
Brassica juncea 8 (M Brassica juncea
superoxide  dismutase 2 2 ascorhate
peroxidase quaiacol peroxidase
catalase
Brassica juncea oxygen radical HD2  superoxide dismutase
HD 2 ascorbate peroxidase ~ guaiacol peroxidase
Ha) 2 ' !
(Wang et al., 2004)
2.3
231
2311
(
. 2518)
(
0.0001%) 2
lithosphere (Alloway, 1993)
, (chalcocite, Cu:§) (chalcopyrite.
CuFcS,) 97-99%

99% ( . 2549)



( , 2544)
2312
(atomic  number)
(molecular weight) 63.546 subgroup 1B
122, 2p\ 3:, 3pf, 3d°, 4s' (Alloway, 1993)

(transition element)

te

( ,2518)

29

17
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21 (
2518)
L Cu
2 2.5-3.0
(Mohs’ scale)
3 (boiling point) 2967
4 (melting point) |,083°C
5 oY
6 1l 20°
(electrical conductivity)
23.13
(Cuz ( ! , 2545)
[Cu(H:0)J:"
Cu(OH), (Alloway, 1993) 9
29 mg/kg 13 24 mglkg ( v 2545
2.2 ( ! 2545)
I} Cu2 Cu , CuOH+ Cu(OH)C+
2, HCuO-,,Cu0,\ Cu(OH),, Cu(OH); , Cu(CO,)¢'

3 CuCO.. Cu(OH),CO,



limit)

19

2314

(maximum  limit)

(minimum
, 2548)
( , 2546)
(critical toxicity level) 20-30
( , 2548)

(chlorosis)

250
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IAA
, 2546)
8 pM
50
(Wang et al.. 2004)
)
2)
3) (active efflux)
4)
(compartmentation)
(phytochelatins) (metallothioneins)
(cysteine)
Agreostis 20.8% 1
54
9)
6) 1



2.3.2

1-2 mglkg

| 2504)

1 2545)

8-10 mg/kg

mtfumvN trannirouinn
|fe *WTQumauimiQraa*B

(haemoplytic ~ crisis)

0.5 mg/kg

25-30 mg/kg
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24

241

phytoremediation

phytoremediation

cBrassica  junceci)
Brassicaceae (Mclntyre, 2003)
(Sait et al., 1994)
2
{Ruellia tuberosa) Acanthaceae (Mimosa piulica)
Fahaceae
Acanthaceae Ruellia  gemiuijlora
metal hyperaccumulator (Chancy et al.. 2002)
(Visoottiviseth et al., 2002)
Fabaceae Anthyllis sp., Pearsonia metallifera Trifolium pallescens nickel
hypperaccumurator (Reeves, and Baker, 2000) 3

copper
hyperaccumulator
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60
60

242 (Indian mustard)

(Leave mustard)
Brassica juncea (L.) Czem
Chinese mustard
3-Butelyl isothiocyanate

 2545)

phytoremediation

60
60

40 50

Indian mustard

23

(Jones,  199)

(

254)

Brassicaceae

(

Brown mustard

. 2542:



2.5

2421

(

| 2542)

6-6.50

1520 C

24



50

2422

56

20-30

50 X50

100-150

2-4

50 X50

1-15

6-10

25



(1)
2)
50
3)
30
| 2542)
2423
)
2)
3)
50-150 ,
15
40

26

1-2 1 2
50
15-20
(
1-10 15-20
150-2: 1 1.50-2 14-14-21
20-25

2542)



2424

55-75

0 (

243 (Minnieroot)

(Minnieroot)
Ruellia tuberose ( , 2548)

40-45

55
| 2542)

Acanthaceae

2547

26

2

30



2431

20-30

1 2539)

2432

244

4-5

(Sensitive plant)

(Sensitive plant

Mimosa pudicci Linn.

. 2539)

2548)

Shame bush)

28

, 2547,

2539)

Fabaceae

. 2548)
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2.
244.1
2-5
(decumbent) 15 prickle
35 2-3
bipinnate rachis
15-4 2
1-2 35 pinnae
1-2 rachilla 155
8-16 0.2-0.5

oblique
12 313



0.1-0.2

superior ovary

2442

35

13-18

35

(marginal placentation)

3-4

. 2548)

globose head  oblong head
5
5
4-6 4
4-5
loment
10-15
2-5

1 2539)

30



3

725 | |
25.1
13 ” (ClaW)
(chelating agent)
chelation
chelate
(metallic cation)
1 pH
( , 2549)
2.5.2
phytoremediation
phytoremediation
phytoremediation
3
DTPA (diethylenetriaminepentaacetic acid) ammonium sulfate  citric acid
3 DTPA
DTPA
! (Garrido et al., 2005)
DTPA

DTPA



DTPA (Blaylock and Huang, 2000) ammonium  sulfate
citric acid
( , 2545) ammonium  sulfate '

(Blaylock and Huang, 2000) citric
acid organic acid
(Blaylock and Huang, 2000)

2.5.3

1) DTPA (diethylenetriaminepentaacetic acid)
DTPA (diethylenetriaminepentaacetic  acid) CH:N,00)
(molecular weight) 393.35
diethylenetriaminepentaacetic acid; diethylenetriamine-N,N,N',N',N"-pentaacetic acid; pentetic
acid; N,N-Bis(2-(bis-(carboxymethyl)amino)ethyl)-glycine; diethylenetriamine pentaacetic acid
[[(Carboxymethyl)imino]bis(ethylenenitrilo)]-tetra-acetic acid

2.8 diethylenetriaminepentaacetic acid

DTPA
pH 2.1-25 0.5 Wt
25°C (Chemicalland21.com, 2006)



3

2) ammonium sulfate
ammonium  sulfate (NHAH2Z04 (molecular
weight) 132.14 sulfuric acid diammonium salt; actamaster; ammonium
sulfate (2:1); diammonium sulfate; dolamin; mascagnite; sulfatom ammoniya; sulfatom
ammoniya (Russian)

NHY

2.9 ammonium sulfate

ammonium- sulfate
235 ¢
(Chemicalland21.com,
2006)

3) citric acid
citric acid CHO 7 (molecular weight) 192.14
citric Acid; beta-hydroxytricarballylic acid; aciletten; citretten; citro; 2-
hydroxy-1,2,3-propanetricarboxylic  acid;  2-hydroxytricarballylic acid: kyselina  citronova:
kyselina 2-hydroxy-1,2,3-propantrikarbonova; 2-hydroxytricarballylic acid: citronensaure

2.10 citric acid



citric acid
1.665 X103 kg/
59.2%
(Chemicalland21.com, 2006)

01N

235 (Wikipedia, 2006)
pH 2.2

1,011

34

°c
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